A Bi2O3/phosphate composite film was prepared on AZ91D magnesium alloy by phosphate treatment. The surface morphology, chemical composition and corrosion resistance of the composite film were investigated by SEM, EDS, XPS and electrochemical measurements. Meanwhile, the wettability of the composite film was examined by contact angle measurements. The results showed that the composite film was mainly composed of CaHPO4 and Bi2O3, and the thickness of the film was approximately 15 μm. The corrosion current density of the Bi2O3/phosphate composite film-coated sample was 100 times lower than that of bare AZ91D. Immersion tests conducted in ASTM D1384-87 solution demonstrated the durability of the composite film-coated AZ91D. Furthermore, the composite film possessed photocatalytic activity, which could protect Mg alloy from corrosion by atmospheric pollutants.
INTRODUCTION
Due to its low density, high strength/weight ratio, good machinability and excellent recyclability, magnesium (Mg) and its alloys are increasingly used in various industries, including transportation, communication and personal electronics [1] [2] [3] . However, the high chemical reactivity of Mg and its alloys makes them susceptible to corrosion in different environments [4] [5] [6] . As structural materials, Mg and its alloys are mostly applied in atmospheric environments. Hence, the atmospheric corrosion of Mg alloys has become a heavily researched topic. In addition, some pollutants in the atmosphere could accumulate on the surface of the magnesium alloy, which causes a more serious problem of corrosion. As reported, atmospheric pollution can accelerate the degradation of metal materials and, whilst this may shorten the service life of certain structures, it more generally means that additional costs have to be met for structural maintenance.
Phosphate treatment is a common and important surface protection technology for magnesium alloy [7] . A protective phosphate film can be deposited on the surface of magnesium alloy through phosphating. Generally, phosphate film is applied for two reasons [8, 9] . Phosphate film can be used as a transition layer to improve the bonding strength between the organic coating and the magnesium alloy matrix. Alternatively, phosphate film can provide protection against corrosion to magnesium alloy in the atmosphere or in a corrosive electrolyte environment. However, the protective effect of the phosphate film on magnesium alloy is limited [10, 11] . Therefore, organic or inorganic additives are usually added to the phosphating treatment solution to enhance the protective effect of the phosphate film [12] [13] [14] [15] [16] . In the field of modification with organic additives, studies on SDBS, MEA and SMBS have been widely reported. Meanwhile, inorganic compounds, such as pyrophosphates, nitrates and molybdates, are also applied to modify phosphate films. However, most additives are harmful to the environment and human health.
Recently, the application of metal oxide particles in biomedical and environmental materials has attracted great interest due to their advantages in their comprehensive performance and environmental friendliness [17] [18] [19] . As reported [20] [21] [22] [23] [24] , the addition of metal oxide particles, such as TiO2, ZnO and ZrO2, can improve the mechanical properties and protective properties of the conversion coating on metal surface. However, there are few reports on the improvement of the protective performance of the phosphate film through metal oxide particle doping. In particular, few studies on the addition of Bi2O3 particles have been reported. Bismuth oxide has attracted great attention in recent years due to its photocatalytic performance. Bi2O3 is a kind of functional metal oxide semiconductor with unique physicochemical properties, such as nontoxicity, high oxygen-ion conductivity, high dielectric permittivity, high refractivity, remarkable photoconductivity and photocatalytic activity [25] [26] [27] [28] . Bi2O3 materials can degrade different kinds of pollutants when exposed to sunlight. Chen [29] studied the photocatalytic performance of a graphene oxide/TiO2-Bi2O3 hybrid coating for organic dyes and NO gas. The organic dyes are oxidized to CO2 and H2O, while the NO can be removed by eventually forming NO3 -.
In this work, a multifunctional Bi2O3/phosphate composite film with both good corrosion resistance and photocatalytic activity was prepared on AZ91D magnesium alloy by a phosphate treatment. The photocatalytic activity of the composite phosphate film was designed to give the Mg alloy the ability to remove pollutants accumulated on its surface, which could provide magnesium alloy with extra protection. Futhermore, this property might contribute to environmental protection. The photocatalytic performance of the composite film was examined by the photocatalytic degradation of Congo Red. The mechanism of modification with Bi2O3 particles was also discussed in detail.
EXPERIMENTAL PROCEDURE

Materials and treatment process
The experimental material used for this investigation was die-casting AZ91D magnesium alloy (7 mm × 7 mm × 30 mm) with a nominal composition (wt %) of 9% Al, 1% Zn and Mg balance. Before treatment, the Mg substrates were carefully polished with 2000-grit SiC paper, rinsed with deionized water and alcohol, and then dried in cold air.
A composite film was prepared on the magnesium alloy AZ91D through two steps. At first, the substrates were immersed in the phosphating treatment solution for 5 min. The treatment solution was composed of calcium nitrate and ammonium dihydrogen phosphate (25 g/L Ca(NO3)2•4H2O and 15 g/L NH4H2PO4, respectively). Then, a set amount of Bi2O3 (5 g/L) was added to the treatment solution.
Ultrasonic agitation was applied to disperse the Bi2O3 particles evenly in the treatment solution. The solution temperature was maintained at 25℃ throughout the experiment. A composite phosphate film was prepared on the AZ91D Mg alloy after further immersion in the Bi2O3-containing phosphating bath for 40 min.
Characterization of Bi2O3/phosphate composite film
The contact angle measurements on bare Mg alloy AZ91D and the phosphate-treated samples were conducted using a video contact angle tester JY-82 under ambient atmospheric conditions to determine the wettability of the film. The phase compositions of the composite film were identified by a X-ray diffractometer (XRD, D8, Germany) within the range of 2θ = 10 -80º. The surface morphologies of the composite phosphate film were observed by scanning electron microscopy (SEM, JSM-5510LV, Japan) at 20 kV. The film thickness was estimated from the cross-sectional SEM image. The compositions of the film prepared on the AZ91D samples were determined by energy-dispersive X-ray (EDX) analysis. X-ray photoelectron spectroscopy (XPS) measurements were carried out on a Thermo Fisher Scientific Escalab 250Xi to further confirm the compositions of the film. All measurements were taken at the center of the coated samples.
Electrochemical measurements
The corrosion resistance of the composite film-coated samples were estimated by potentiodynamic polarization curve and electrochemical impedance spectroscopy (EIS) measurements. Electrochemical tests were carried out using a classical three-electrode cell with platinum as the counter electrode, a saturated calomel electrode (SCE) as the reference electrode, and the treated AZ91D as the working electrode. All electrochemical measurements were performed in an ASTM D1384-87 solution containing 148 mg/L (1.04 mM) Na2SO4 + 138 mg/L (1.64 mM) NaHCO3 + 165 mg/L (2.82 mM) NaCl, which was made up from analytical grade reagents and deionized water. The pH of the solution was 8.2. The potentiodynamic curves were obtained using an electrochemical analyzer (CS 310, China) from -100 mV to 100 mV vs open circuit potential (OCP) at a constant voltage scanning rate of 0.5 mv/s. EIS measurements were conducted over a frequency range of 100 kHz to 10 mHz with a sinusoidal amplitude of 10 mV. Prior to each electrochemical test, a stabilization period of 1800 s was applied. All electrochemical measurements were performed at room temperature. The composite film-coated sample was immersed for 7 days to estimate the durability of the composite film.
Photocatalytic activity test
In this study, Congo Red was chosen as the substrate for the photocatalytic activity test to estimate the photocatalytic performance of the Bi2O3/phosphate composite film. The test was conducted under natural sunlight at room temperature to examine the practical photocatalytic performance. A Bi2O3/phosphate composite film-coated sample (7 mm × 7 mm × 30 mm) was immersed in 50 mL Congo Red solution (10 mg/L) for 14 days. The concentration of the Congo Red solution was measured by monitoring the absorbance at 497 nm (the maximum absorbance wavelength of Congo Red) using a UVvis spectrophotometer (UV-3200pc, MAPADA). X-ray diffraction was employed to identify and investigate the phase compositions of the phosphate film and Bi2O3/phosphate composite film. As shown in Figure 3 , the obvious difference of the phase compositions between the bare and film-coated samples can be observed. Namely, specific peaks attributed to CaHPO4 can be observed in the diffraction pattern of the phosphate film-coated sample, which is consistent with the results of previous research [31] . In the XRD pattern of the Bi2O3/phosphate composite film-coated sample, the intensity of the peaks originated from CaHPO4 is lower, while peaks attributed to Bi2O3 appear, which indicates that the addition of Bi2O3 particles may affect the crystallinity of CaHPO4 and lead to smaller CaHPO4 crystals. In addition, peaks attributed to Mg can be observed in the XRD pattern of the phosphate film-coated sample but disappear in the pattern of the Bi2O3/phosphate composite film-coated sample, which may indicate that the Bi2O3/phosphate composite film is denser than the phosphate film. From these results, crystalline CaHPO4 and Bi2O3 phases coexist in the Bi2O3/phosphate composite film. Figure 4 shows the morphology and elemental composition of the phosphate film-coated sample and Bi2O3/phosphate composite film-coated samples prepared with further immersion of 5 min, 10 min and 40 min. From Figure 4 (a), it can be seen that the phosphate film mainly consists of Ca, P and O. The atomic ratio of Ca, P and O is approximately 1:1:4. It can be inferred that CaHPO4 is the main composition of the film and the CaHPO4 crystals seem to be sheet-like [31] . However, the stack of these sheet-like crystals cannot form a compact film and leads to a high interspace rate. The interspace may lead to cracks and severely damage the protective property. When the magnesium alloy AZ91D is further immersed in the Bi2O3-added system, needle-like crystals gradually appear on the surface of the magnesium alloy, and the atomic ratio of Bi increases with the extension of further immersion, which indicates the success of the Bi2O3 doping. The occurrence of these needle-like crystals may be due to the doping of Bi2O3 particles in the conversion process. It can be seen that the conversion film is composed of tinier crystals after further immersion and the film is more compact. The elemental composition of the Bi2O3/phosphate composite film is further investigated by XPS survey spectra. The wide spectrum demonstrated in Figure 5 provides evidence for the presence of Ca, Bi, P and O, which is consistent with the EDS and XRD results. There are two main peaks visible in the spectrum at approximately 164.5 eV and 159 eV, corresponding to Bi 4f. Figure 6 shows the crosssectional SEM image of the Bi2O3/phosphate composite film. It can be seen that the composite film is tight and the film thickness is approximately 15 μm. Figure 7 shows the water contact angle measurements on bare AZ91D, phosphate film-coated sample and Bi2O3/phosphate composite film-coated sample. The water contact angle measurement is applied to determine the wettability of the modified surface, as well as the tightness and uniformity of the modified layer [32] . If θ<90°, the solid surface is hydrophilic. The smaller the angle is, the better the wettability is. If θ>90°, the solid surface is hydrophobic. The water contact angle on bare AZ91D is approximately 60°, indicating its hydrophilicity. The water contact angles on phosphate film-coated sample and Bi2O3/phosphate composite film-coated sample are approximately 26° and 87°, respectively. The difference between these two water contact angle values may be attributed to the different roughness of the two kinds of film, considering that the chemical properties of the two kinds of film should be similar. As discussed above, the phosphate film is composed of thick sheet-like crystals and the surface of the film is notably rough, leading to a small water contact angle. In contrast, the Bi2O3/phosphate composite film is composed of thin needle-like crystals and relatively smooth, leading to a larger water contact angle. The water contact angle on the Bi2O3/phosphate composite film-coated sample is close to 90°, which means the film is nearly hydrophobic. This property of the composite film could isolate the magnesium substrate from corrosive mediums and provide lasting protection to the magnesium alloy [33] . Bi2O3/phosphate composite film-coated sample Figure 8 shows the EIS of the bare AZ91D alloy, phosphate film-coated sample and Bi2O3/phosphate composite film-coated sample. From Figure 8 , the Nyquist plot of the bare AZ91D is composed of two capacitive loops at the tested frequency range, while the Nyquist plots of the phosphate film-coated sample and Bi2O3/phosphate composite film-coated sample are composed of only one capacitive loop respectively. Previous studies indicate that the capacitive loop reflects the impedance characteristic of the metal surface and the electrical double layer on the metal surface [34] [35] [36] . It is reported that the high frequency capacitive loop is due to the presence of the phosphate coating on the magnesium alloy surface, and the other loop observed at low frequency is attributed to the occurrence of charge transfer in the electrical double layer [37] [38] [39] . The Nyquist plot of the Bi2O3/phosphate composite film-coated sample manifests as a deformed single capacitive loop, indicating that the Bi2O3/phosphate composite film does not participate or produce intermediate products such as adsorption complexes in the electrode reaction. This finding is observed because the attachment of the composite film on the alloy surface will increase the dispersion effect and reduce the capacitance value of the electrical double layer. The disappearance of the other loop at the low frequency range in the Nyquist plots of the phosphate film-coated sample and Bi2O3/phosphate composite film-coated sample may be attributed to the excellent protective effect of the conversion film [40] . As shown in Figure 8 , the diameter of the capacitive loop of the Bi2O3/phosphate composite film-coated sample is approximately 8 times larger than that of the phosphate film-coated sample and 100 times larger than that of the bare AZ91D alloy. According to the corrosion process and references [41, 42] , two equivalent electrical circuits in Figure 9 are presented to fit the EIS results, where Rs is the solution resistance, Rct is the charge-transfer resistance and Rcoat is the conversion film resistance. The parameters of the fitting results for Figure 8 are listed in Table 1 , in which a higher Rcoat value represents better corrosion resistance. From Table 1 , it can be seen that the Rcoat value of the Bi2O3/phosphate composite film-coated sample is much higher than that of the phosphate film-coated sample, indicating the outstanding protective property of the Bi2O3/phosphate composite film. To further confirm the outstanding protective property of the Bi2O3/phosphate composite film, the potentiodynamic polarization curve measurements of the bare magnesium alloy AZ91D, phosphate film-coated sample and Bi2O3/phosphate composite film-coated sample are demonstrated in Figure 10 . The corrosion potential (Ecorr), current density (jcorr) and their corresponding anodic/cathodic Tafel slopes (ba and bc) are derived directly from the polarization curves by Tafel region extrapolation, which are listed in Table 2 . The Ecorr and jcorr of bare AZ91D are -1.5325 V vs SCE and 4.192×10 -5 A/cm 2 , respectively. Compared with Ecorr of the bare AZ91D in Table 2 , Ecorr of the phosphating treated samples shifts slightly towards a more negative potential. In addition, Ecorr of the phosphate film-coated sample is more negative than that of the Bi2O3/phosphate composite film-coated sample. The jcorr of the Bi2O3/phosphate composite film-coated sample significantly decreases by more than 100 times compared to that of the bare AZ91D, which confirms the excellent corrosion resistance of the Bi2O3/phosphate composite film. The corrosion resistance performance is also compared to those reported by previous studies. Jayaraj [43] studied the protective effect of composite magnesium phosphate coatings on the magnesium AZ31 alloy. The results revealed that the corrosion performance increased with increase in the coating bath pH which could be attributed to the uniform and dense magnesium phosphate coating with fewer defects and increase in the content of insoluble struvite phase. The corrosion current density of the film-coated sample in 1 wt.% NaCl corrosive environment was 16 times lower than that of the bare substrate. Lee [44] prepared a phosphate/permanganate conversion coating with a thickness of 8 μm on AZ31 magnesium alloy. The study found that the icorr decreased approximately one order of magnitude as the solution permanganate concentration was increased. The corrosion resistance of the composite film-coated magnesium was approximately 5 times stronger than that of the bare substrate in a salt spray test. For the application of the Bi2O3/phosphate composite film in corrosion protection, it is not sufficient to determine the initial protection level. It is also necessary to verify if the protection remains satisfactory for a long time. For this reason, the Bi2O3/phosphate composite film-coated sample (prepared with further immersion of 40 min) was immersed in the ASTM D1384-87 solution for 7 days to estimate the durability of the composite film. Figure 11 shows the EIS of the Bi2O3/phosphate composite film-coated sample before the durability test, after immersion of 1 day and after immersion of 7 days. The parameters of the fitting results are listed in Table 1 . Figure 11 . EIS of the Bi2O3/phosphate composite film-coated sample through the immersion test From Figure 11 , the shape of Nyquist plots of the Bi2O3/phosphate composite film-coated sample after immersion of 1 day and after immersion of 7 days does not notably change, which indicates that the structure of the Bi2O3/phosphate composite film still remains complete. However, the diameter of capacitive loop reduces, which indicates the resistance of the composite film decreases. The decrease in the resistance of the composite film may be because of the partial dissolution of the composite film. As mentioned above, the film was still hydrophilic after modification with Bi2O3 particles and the film would slowly dissolve in the corrosive medium. It is mainly ascribed to the fact that the main composition (CaHPO4) is slightly soluble in water and the Cl -in the corrosive medium may accelerate the dissolution of CaHPO4 [45] . The dissolution of CaHPO4 will make the composite film thinner. Thus, the resistance of the composite film decreases. However, the resistance value of the composite film is still much higher than that of the phosphate film, which indicates the composite film retains its excellent protective property after immersion. These results demonstrate the durability of the Bi2O3/phosphate composite film.
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Photocatalytic performance of the Bi2O3/phosphate composite film-coated sample
As shown in Figure 12 , the Congo Red solution became colorless after 14 days of degradation under sunlight with the Bi2O3/phosphate composite film-coated sample, while the Congo Red solution of the blank group remained almost unchanged. Combined with the absorption curves of the blank group and the experimental group, the absorbance of the Congo Red solution of the blank group remained the same after 14 days, suggesting that Congo Red was quite stable under sunlight. In contrast, the absorbance of the Congo Red solution after 14 days of degradation with the Bi2O3/phosphate composite film-coated sample almost became zero, which indicated that the Congo Red had been degraded completely. The above results show the satisfying photocatalytic performance of the Bi2O3/phosphate composite film. Considering that studies on the photocatalytic degradation of various substrates with Bi2O3 have been reported [46] [47] [48] [49] [50] , the Bi2O3/phosphate composite film should be able to degrade different kinds of pollutants. This property of the composite film can protect Mg alloy from corrosion by atmospheric pollutants. 
Mechanism
The formation mechanism of the phosphate film on the AZ91D magnesium alloy is demonstrated in Figure 13 . The main composition of the film (CaHPO4) forms by the following reactions:
Ca ( ]) reaches the solubility product (Ksp), CaHPO4 precipitates on the surface of the magnesium alloy. Hence, the sheet-like CaHPO4 crystals deposit on the Mg alloy surface after immersion in the phosphating bath, providing AZ91D alloy with protection verified by electrochemical results. However, as shown in Figure 4(a) , the CaHPO4 crystals are of relatively large size and simply stack together, which leaves considerable interspace and numerous defects between the crystals. Undoubtedly, this would make the phosphate film porous and thus lower its protective effect in a corrosive environment.
At this point, the introduction of Bi2O3 particles into the phosphating treatment solution for further immersion plays a crucial role in the remarkable improvement of the corrosion resistance of the phosphate film. This finding can be ascribed to the following two reasons. For one thing, the addition of Bi2O3 particles obviously affects the crystallinity of CaHPO4, which reduces the size of the CaHPO4 crystals. Predictably, the smaller CaHPO4 crystals stack together with less interspace and thus form a more compact layer of film, providing the magnesium alloy with greater protection. For another, the Bi2O3 particles with smaller sizes can fill the interspace between the CaHPO4 crystals, which fixes the defects of the phosphate film and makes the film complete. The cross-sectional SEM image verifies the intactness of the Bi2O3/phosphate composite film. With no doubt, such an intact layer of conversion film can play a role as a barrier better, hindering the contact between the corrosive medium and Mg substrate, which significantly improves the protective effect of the composite film. Therefore, both the EIS and polarization curves shown in Figure 8 and Figure 10 indicate the remarkable increase in corrosion resistance of the composite film. In fact, the decrease in size of the CaHPO4 crystals and repair of the interspace between CaHPO4 crystals are closely associated with the introduction of Bi2O3 particles, which is called "blocking effect" in this paper. The blocking effect is described in detail: when the magnesium alloy sample was further immersed in the Bi2O3-added phosphating treatment solution, the Bi2O3 particles were adsorbed on the surface of growing CaHPO4 crystals because of the porosity of the phosphate film, which blocks their further growth in crystal size and thus leads to the formation of smaller CaHPO4 crystal clusters with the inclusion of Bi2O3. The SEM images in Figure 4 are the best proof, in which with the extension of further immersion, the small-size CaHPO4 crystals begin to appear and the proportion of small-size CaHPO4 crystal cluster gradually increases, while the Bi2O3 particles also gradually fill the interspace. All the EDS, XRD and XPS results confirm the presence of Bi2O3 in the composite film. In addition, the content of Bi2O3 in the composite film increases with the prolongation of immersion, which indicates the lasting blocking effect improves the compactness and corrosion resistance of the composite film in the chemical conversion process. Interestingly, the composite film not only possesses high corrosion resistance but also possesses the additional photocatalytic activity. This means that the Bi2O3/phosphate composite film can protect the Mg substrate from corrosion while this film can degrade some pollutants as discussed in section 3.6, which is friendly to the environment and attractive in practical applications. Figure 13 . Formation mechanism of phosphate film on AZ91D magnesium alloy
CONCLUSIONS
A Bi2O3/phosphate composite film was prepared on AZ91D magnesium alloy by phosphating. The film was composed of small crystal clusters and the surface of the film was relatively smooth. The modification with Bi2O3 particles made the film tight and complete. The film thickness was estimated to be approximately 15 μm and the composite film was primarily composed of CaHPO4 and Bi2O3. The composite film-coated AZ91D showed excellent corrosion resistance. The durability of the composite film-coated sample was also investigated by an immersion test. The composite film still possessed a satisfactory protective effect after immersion in the ASTM D1384-87 solution for 7 days. Furthermore, the composite film possessed good photocatalytic activity.
